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ABSTRACT 
 
 
The built heritage has not only a great architectural importance, but plays also a 
historical and cultural role. In order to preserve a building, factors influencing its decay are to 
be investigated. Historical characterization of the structure should be considered as well as 
building techniques and used materials. The causes and the severity of the deterioration are 
the first factors to be identified for developing of an efficient intervention plan. A gothic stone 
bridge in Prague, recently matter of archaeological researches by the authorities, was 
considered as case study. 
Partially hidden under Prague Castle Staircase for centuries, the bridge is 
characterized by accurate details and remarkable building techniques. Built during the 15th 
century to cross the moat, it is evidence of the first fortification of Malá Strana. Due to its 
historical and engineering properties, it plays an extraordinary role in the medieval heritage of 
the Lesser Town.  
Unfortunately, the bridge is currently experiencing extend deterioration mainly caused 
by rising dampness, water seepage and salt attack. Historical survey was carried out as well as 
geological and structural survey. Tests on the materials and analysis of the causes were 
performed. Their results, remedial works and a maintenance plan are to be presented in the 
following paper.  
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ABSRACT (CZECH) 
 
 
Stavební d!dictví p"edstavuje nejen v#znamné architektonické hodnoty, ale sou$asn! hraje 
d%le&itou kulturní a historickou roli. 
Pro zachování památek je velmi d%le&ité specifikovat v'echny faktory zp%sobující degrada$ní 
procesy. Poznání p%vodního "e'ení jeho technick#ch parametr%, stavebních technologií a 
stavebních materiál% pou&ívan#ch v dob! v#stavby slou&í ke zji't!ní p"í$in p"ípadn#ch poruch 
stavby a k jejich odstran!ní. Identifikace p"í$in poruch a degrada$ních proces% je nejd%le&it!j'ím 
krokem p"i rozhodování o zp%sobu sanace dané památky. 
 
Gotick# kamenn# most v Praze - nedávno objeven# v t!sné blízkosti Pra&ského hradu 
pat"ící do oblasti chrán!né UNESCO – je tématem diplomové práce. 
V prostoru p"iléhajícím t!sn! k Zámeck#m schod%m byl identifikován mimo"ádn! cenn# gotick# 
mostek, postaven# v 15. století jako sou$ást gotického opevn!ní Malé Strany. Jedná se o mostní 
oblouk a dva pilí"e ze zd!né konstrukce vedoucí západov#chodním sm!rem st"edov!kého stá"í. 
Provedení konstrukce je "emesln! vysoce kvalitní. 
 
Konstrukce gotického mostku je skute$n! v havarijním stavu zp%sobeném vysok#m 
obsahem vlhkosti a vodorozpustn#ch solí. Byl proveden historick# a stavebn! technick# pr%zkum, 
v jeho& rámci byly stanoveny mechanické vlastnosti stavebních materiál%. V#sledky m!"ení a 
provedené anal#zy v$etn! návrh% sanace konstrukce mostu jsou presentovány v diplomové práci. 
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RIASSUNTO 
 
 
Il patrimonio artistico non presenta solo un’importanza architettonica, ma riveste un ruolo 
nella storia e nella cultura. Al fine di preservare un edificio, è necessario esaminare gli elementi 
che portano al suo degrado. A tal scopo è importante caratterizzare la struttura dal punto di vista 
storico e analizzare i materiali e le tecnologie costruttive. 
Le cause e lo stato di deterioramento sono i primi fattori da indentificare al fine di 
sviluppare un efficiente programma d’intervento. Il caso in esame è rappresentato da un ponte 
gotico in pietra nella città di Praga, recentemente oggetto di ricerche storiche da parte delle 
autorità competenti. 
Rimasto parzialmente nascosto per secoli sotto le scale del Castello di Praga, il ponte è 
caratterizzato da dettagli accurati e tecniche costruttive degne di nota. Costruito probabilmente 
durante il XV secolo, testimonia la presenza della prima fortificazione di Malá Strana, edificato 
per attraversarne il relativo fossato. Grazie alle sue peculiarità storiche e ingegneristiche, riveste 
un ruolo straordinario nel patrimonio medioevale della “Piccola Città”.  
Sfortunatamente, il ponte è in questo momento oggetto di un esteso degrado, 
principalmente causato da umidità proveniente dal suolo, infiltrazioni d’acqua e aggressione 
salina. È stata realizzata un’indagine storica, geologica e strutturale. Sono state realizzate inoltre 
prove sui materiali e analisi per indentificare le cause del degrado. I relativi risultati, gli interventi 
di restauro e un programma di mantenimento sono proposti nel seguente elaborato.  
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INTRODUCTION 
 
The aim of this thesis is to identify the damage and the deterioration of the Gothic bridge in Malà 
Strana, understanding their causes and develop an intervention plan. 
 
The following chapters are presented: 
1. Historical Survey Of The Location And Of The Bridge. Information about Malà Strana 
was collected, especially about the surroundings of the bridge. Historical characterization 
of the structure is presented. 
2. General Methodology And Review Of ICOMOS Guidelines. Study on better 
methodologies to achieve the aims was performed, considering the Venice Charter and 
ICOMOS guidelines. 
3. Visual Inspection And Diagnosis. In order to understand the building and its problem 
visual inspection was carried out. Description of the structure and geologic research is 
presented. 
4. Failure Mechanism. The deteriorations of the bridge are illustrated as well as their 
possible causes. 
5. NDT And Damage Characterization. Research on NDT for historical buildings was 
performed. The decay of the bridge was analysed collecting samples and performing 
different tests, using some of the ones previously described. Results are illustrated. 
6. Chemical analyses. Chemical analyses of the black crust and the salts were carried out at 
the microscope and in the laboratory. 
7. Preliminary Structural Analysis. FEM model was created in order to understand the 
behaviour of the structure. 
8. Remedial Works And Maintenance Plan. Considering the analysis results, several 
solutions to the problems and maintenance plan are presenting in reference to ICOMOS 
guidelines and literature studies. 
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1. HISTORICAL SURVEY OF THE LOCATION AND OF THE BRIDGE  
 
The bridge is situated in the Lesser Town, next to the south part of Prague Castle. For a long 
time it was partially hidden in the Castle staircase until it was recently discovered on March 2011.  
The actual date of the construction of the bridge in consideration is uncertain and the historical 
information is rather poor. The Gothic style of the construction and the building techniques might 
be developed in 15th century. 
Gothic towns were most often founded as fortification of earlier agglomerations of 
settlements. These had grown up at the crossing point of trade routs or in the case of Prague near 
residences of princes or noblemen, where they constituted their economic bases. In Gothic period 
fortifications with towers, bastions and gates represented also the power and status of the town, its 
importance and wealth. Most of all, they were indispensable to its defence and thus its prosperity. 
The first constructions in the Lesser Town date back to 1257 and they included actually 
also a first fortification wall. Later an enlargement of the fortification system was carried out and 
new ramparts were built under the rule of Charles IV in 1360. An unusually wide amount of land 
was enclosed by the fortification in that period. Later the ramparts of the Lesser Town where 
extended to the walls that rose up from Újezd to Pet"in. The walls ran along the edge of Pet"in 
round the Strahov monastery. The stone ramparts elements characterized this extensive system 
that was surrounding 18-27 meter wide streets, three markets squares and churches. In 1372, the 
city walls were taken down in four points and new gates were built. They were Po"í$ská and 
Ho'ka at the east, Ko(ská in the southeastern part and Svinská in the south one. [3, 35]  
Due to its position, it is very likely that the bridge in consideration was part of the 
fortification. Recent excavation works dug up the fortress ditch in the bridge site. The moat was 
likely going from the second trench of the Courtyard of Prague Castle with a steep slope toward 
the Gothic gate to today Neruda Street. [25]  
 Figure 1 shows a reconstruction of part of Lesser Town’s wall and the probable position of the 
structure.  
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Figure 1 Reconstruction of gothic Lesser Town’s fortification and position of the bridge (circle) [18] 
 
A similar example of fortification system was also present in the Old Town. During the 
Gothic period, ramparts, connected to the Vltava at both of its ends, surrounded the Old Town 
with a semi-circular moat. The first ones to be built were on the south and east sides while the 
edge protected by the river was fortified later. The walls surrounded a large area of around 80 
hectares, including territory to the southeast with the quickly founded and regularly laid out Town 
of Saint Gall. The main part of the fortification wall was two meters thick and made with stone. 
Presumably, an open gallery and battlements were present. There was also a square tower that 
cannot be precisely dated, but it is known that during Wenceslas’s reign wall system and similar 
towers were built. Just over the walls ran a bailey between 11 and 18 meters in width. Beyond it 
there was a thinner wall coming out of the escarp of the moat. The outer wall of the moat was 
made of stone and 26 meters thick. The external rampart wall, 3.5 km long, probably enclosed 
more than ten gates. Of the early gothic fortifications of the Old Town only small remains have 
been preserved. One of them is situated in the current Mustek metro station that is the low end of 
Prague's second largest square, the 750 m long Wenceslas Square. Probably, it was the site of one 
of the gates of the fortification. A gothic arch and two piers are preserved behind a glass shown in 
Figure 2. The moat is now covered up by the streets Revolucni, na Prikope, and Národni which 
are still the official boundary of the district of Old Town. Na Prikope street means actually “On 
the Moat”.  
 Historical And Structural Survey Of The Medieval Stone Bridge UNESCO-Listed 
 
 
Erasmus Mundus Programme 
4                                   ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 
 
 
Figure 2 Old Town fortification bridge, 13th century 
 
The surroundings of the bridge case of study show at the north Prague Castle and in the 
south an old Theatines monastery. 
Prague Castle was founded around 880 by Prince Bo"ivoj of the Premyslid Dynasty 
(P"emyslovci). The first walled construction was the church of Our Lady. Palaces and 
ecclesiastical constructions of different architectural styles, from Romanesque-style buildings 
from the 10th century through Gothic modifications in the 14th century, compose it. The churches 
dedicated to St. George and St. Vitus, were founded in the first half of the 10th century. The Castle 
fortification is another example of Czech fortress style. The early medieval Castle was fortified 
with a ditch and a rampart of clay and stones. The original fortification system was later modified 
into a completely made of stone one under Prince Sob!slav I. The central and the eastern parts of 
the Castle were surrounded by two meters thick walls and up to 12 to 14 meters high. Regular 
blocks were used in the construction and the filling was cast masonry. The wall was crowned by a 
walkway and a battlement, but these two have not survived. On the south side, the walls were 
consolidated with the addition of solid turrets. A half cylinder form characterized most of them, 
while the towers at the palace were five-sided and two easternmost turrets had a rectangular plan. 
The Castle was accessible through three gates guarded by towers. The main west gate was set 
between a bend in the wall and the massive White Tower. At the opposite end was present the 
Black Tower. The South gate at the princely palace was a tower gate too. Nowadays, all three of 
these towers can still be appreciated. Advanced elements were used for the construction, 
especially the solid turrets at the south of the fortification. [4]  
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The period of the rule of King and later Emperor Charles IV was a time of prosperity for 
Prague Castle. It became an imperial residence for the ruler of the Holy Roman Empire and 
several changes to the structure were made. The royal construction was renovated and the 
fortifications strengthened. 
 Castle’s expansion continued on the Castle during the kingdom of Wenceslas IV. During 
the Hussite wars and the following decades the Castle was not used and this caused the decay and 
dilapidation of its buildings and fortifications. A king of the dynasty of Jagellons again made the 
Castle his palace in 1483. New fortifications were constructed and, together with them, defence 
towers on the northern part of the Castle. The fortifications were modified by architect Benedikt 
Ried that also renovated and enlarged the royal palace. Another adaptation of the Castle that 
brought it to have the current height was made in the second half of the 16th century, during the 
kingdom of Rudolph II. Moreover, in the second half of the 18th century the last great rebuilding 
of the Castle was carried out. Architect Josip Ple$nik took care of the restoration in the years 
1918-1938. Since the Velvet Revolution, the Prague Castle has undergone significant repairs and 
renovations. [30] 
On the southern side, the bridge is situated very 
closed to the perimeter of an old Theatines monastery 
(Figure 3 and Figure 4). The first documentation of the 
presence of this building in the location belongs to 1407. 
Three buildings currently compose it and it is articulated 
into four floors. The two wings in the western part were 
added in 1672. In 1783 the Theatines order stopped using 
the construction as a monastery and in 1869 object it is 
passed into the ownership of the Redemptorists.  
 
 
 
 
Figure 3 Position of the bridge near the 
Castle and the monastery 
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Figure 4 Eastern (right) and southern view (left) 
 
 
 Moreover, the history of the bridge might be 
connected with the several reconstructions of the Castle’s 
stairs. New Castle Stairs connects Thunovska Street and 
Hradcany square (Figure 5). They were built in 1278 
when Ottokar II of Bohemia applied modification to the 
Castle fortification. Between 1540 and 1541 stairs were 
reconstructed for the first time in order to design a more 
convenient path for horses. A later and last extension of 
the stairway occurred in 1670 and in 1672. 
 Figure 6 shows the position of the monastery and 
the state of the stairs in 1580.  
 
 
 
 
Figure 5 New Castle Stair Case 
Historical And Structural Survey Of The Medieval Stone Bridge UNESCO-Listed 
 
 
Erasmus Mundus Programme 
ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS       7 
 
 
Figure 6 Kozl!v view, 1580 [18] 
 
Despite of the modifications to the Castle stairs and to the monastery, it is evident from Figure 7 
that in 1630 the bridge has not been partially covered yet. No more information is present since 
the bridge was recently put under study. 
 
       
Figure 7 Particular of Sadeler's view, 1603 (left) [33] and Hollarova‘s view, 1630 (right) [18] 
 
 
Figure 8 First photograph of Prague Castle, Fridrich, 1865 [18] 
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2. GENERAL METHODOLOGY AND REVIEW OF ICOMOS GUIDELINES  
 
ICOMOS, International Council on Monuments and Sites, is an association, which takes care 
of the conservation and protection of any kind of world cultural heritage. One of its main aims is 
spreading and promoting the application of theory, methodology, and scientific techniques to the 
conservation of the architectural and archaeological sites based the principals of the Venice 
International Charter of 1964. [22] 
 From the beginning of the 20th century, defining basic principles to the preservation of 
monuments became a worldwide need. It was evident that, not only the ancient buildings have an 
architectural importance, but they also play an important historical role. Every construction is 
inseparable from its past and setting that shaped its own authenticity. Moreover, particular care 
must be used also for minor artistic works that acquired importance with the passing of times. The 
cultural heritage must be preserved for future generations as living witness of times. For these 
reasons, a social use of a building can focus the attention on its problems and expedite its 
conservation. [23] 
 As the existing codes for modern structures have revealed not to be suitable for historical 
constructions, ICOMOS defined guidelines for the restoration and conservation of them. 
However, fixed criteria cannot describe and respect the value and authenticity of architectural 
heritage, so every culture needs to adapt these guidelines to the context the structure belongs to. In 
fact, the value of cultural heritage is strictly connected with its integrity and authenticity, so every 
remedial work should be compatible with the setting and the original concept of the building. A 
deep understanding of the history and problems of the building is necessary in order to plan any 
conservation work. The complexity of the study requires a multidisciplinary approach where both 
scientific and cultural knowledge must face and explain the causes of damage together. No action 
should be undertaken without establishing the possible benefit and harm to the constructions. 
Moreover, no interventions should be started without demonstrating that they are indispensable. 
 The best methodology to achieve a good conservation project should respect the following 
phases: survey, diagnosis and identification of the causes of damage and decay, safety evaluation 
of the present conditions, design of the intervention and control of the efficiency of the remedial 
measures. As the process of diagnosis is most of the time very challenging, uncertain data can be 
present and assumptions can be made. Therefore, the    conclusions can be characterized by 
uncertain reliability. [21, 24, 32] 
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Diagnosis [21 32] 
The process of diagnosis is constituted in different phases: historical research, visual 
inspection, tests, monitoring and structural analysis. Diagnosis should be carried out following 
both a qualitative and quantitative approach. The first one is based on historical research and 
visual inspection of the building with characterization of the damage through direct observation. 
The second one is based on test on the materials, monitoring and structural analysis. 
The historical investigation is necessary to understand the conception of the building and 
its context. Moreover, it is important in order to collect information about the techniques and the 
skills used. The structure can be subjected to changes of its appearance, later additions, 
restorations and actions such as fires. Knowledge about previous damage can be achieved and it 
can be useful to understand the present state of decay and behaviour. However, experts in the 
sector should be in charge of the research because most of the times the used documentation might 
be of difficult interpretation or it might misrepresent structurally important events.  
The visual inspection of the building is necessary in order to check the collected 
information and to orient other researches. The identification and mapping of the damage is the 
most important step of this phase. It is useful in order to understand which are the phenomena 
action of the building and its behaviour. Also it is important to see if the environment or poor 
original designs are damaging the structure. 
Tests should be carried out in order to identify the building characteristics such as the 
cross-section composition, presence of discontinuities, material properties, stresses and 
deformations. For this purpose non-destructive tests should be use. Any other tests requirement 
should be evaluated very carefully considering the potential loss of cultural significant material 
and authenticity of the structure.  
Monitoring can be useful to acquire information about the undergoing phenomena. 
Moreover, it is possible to determine the long-term characteristics of the response of the building. 
A monitoring system usually records changes in cracks opening, deformations and temperatures. 
The structural analysis can be made though simplified models of the structure. 
Assumptions about the geometry, the morphology, the material properties and the actions have to 
be made. As these hypotheses can lead to wrong consequences, it is really important to calibrate 
the model using the information collected by the historical research, monitoring and tests. 
However, it is important to consider the uncertainties that are behind the prevision of the unknown 
structural behaviour. It is necessary to specify that no model entirely represent the reality. 
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Finally throughout the empirical evidence and the structural analysis, a conclusion about the 
state of the building can be reached. Only with a full understanding of the decay it is possible to 
design an intervention.  
 
Safety evaluation 
 Safety evaluation is a fundamental step in order to choose the appropriate intervention. It 
consists in assuring the present safety conditions. This phase can actually presents difficulties in 
determine the margins of acceptability. The methods for new constructions are not appropriate for 
architectural heritage because the safety factor proposed are not calibrated with the uncertainties 
belonging to geometry, material and actions. ICOMOS guidelines propose different approaches in 
order to carry out a safety evaluation. 
The first one is based on historical research about the static and dynamic behaviour of the 
building in the past comparing the action to the ones belonging to the present conditions. 
However, the limitations of this approach are related to the quality and the type of available 
documentation. 
The second one consists in a qualitative analysis of the behaviour of similar structures in 
the surrounding of the considerate building. It can be assume that it could have a comparable 
performance. However, this approach is not entirely reliable as it depends on personal judgment 
and on the number of available structures. 
Moreover, a quantitative analysis can be carried out creating a mathematical model as 
previously described. 
Finally, an experimental approach is proposed. It consists on direct measure of safety 
margins carrying out tests on a single part of the building or on the whole structure. During the 
tests monitoring must be performed. 
Following several of these approaches is possible to compare effects and to reach a safety 
evaluation of the structure. According to the results a decision about the intervention can be 
reached. 
 
Design of intervention 
Different kinds of interventions should be considered after the diagnosis and safety evaluation 
phase. The remedial works have to address causes rather than symptoms. The goal to achieve is 
having a minimal intervention that is able to guarantee the safety for the structure with the least 
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harm to it. Particular attention should be paid in the analysis of the costs and benefits. The better 
effective solution is finally the one that has the minor impact on the cultural and architectural 
value of the building. 
As for the restoring methods, repair is preferable than replacements and reversible 
interventions must be favoured. Moreover, the choice between tradition and innovative techniques 
has to be addressed on the base of the specific needs of the building. The most compatible and less 
invasive materials have to be adopted assuring the stability and safety of the structure. 
Moreover, maintenance and monitoring are important in order to prevent the future need of 
more interventions and to preserve the authenticity of the heritage.  
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3. VISUAL INSPECTION AND DIAGNOSIS 
 
The Gothic structure is placed on the border of the zone under the property of the capital city 
of Prague. Actually the New Castle Staircase and the bridge are property of the State, while the 
former monastery is property of the real estate agency TH Real. In order to carry on the study, the 
permission to access the structure through the convent was obtained. The survey and the 
conservation plan were performed in collaboration with the NPU that is currently the state 
organization in charge of it. The “National Institute for Preservation of Monuments (NPU, 
Národní památkov# ústav) is the professional and research organization, state monument care 
state-wide. It is an organization within the meaning of the applicable law of the State Monument 
controlled by the Ministry of Culture.” [28] 
A first organization called National Institute of Monument Care and Nature Conservation was 
created in 1958 organized in a series of regional departments. Later in 1991, it passed from the 
Ministry of Culture domain into the Ministry of Environment one, taking care of the 
environmental heritage. Regional organizations were created before 2001 when the national 
Heritage Institute was finally created. The establishment of the heritage institute in Prague dates 
back to the specialized regional centre in the capital city of Prague. It is connected with the 
adoption of the national law on cultural heritage. In 1960 it was constituted in the Centre of 
conservation of the City of Prague. In 1965, a separate department for archaeological research was 
formed. 
The NPU offers national monument care and carries out basic applied scientific researches. 
Moreover, professional and educational activities are considered as well as training in order to 
form experts to achieve quality excellence in the preservation of cultural heritage structures and 
areas. 
As for the aims of the NPU, it is devoted to improve the scientific understanding of the 
cultural heritage and development of theory, methodology and practice in the heritage 
conservation field. The process has to be characterized by coordination among the different 
aspects founding the professional capacities on scientific basics and applied scientific research. 
Moreover, it ensures the conservation of the cultural heritage structures and takes care of the 
interesting areas following the opinions of experts in the sector and taking into account the 
competent government authorities. The Centre leads the important list of cultural national 
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heritage. It contributes to improving the quality of the data contained therein as its own research, 
and coordination of research sites and transfers the results to be registered. [28] 
3.1 Description Of The Structure  
 
The bridge consists in two arches and two piers. It is oriented in W-E direction. Beside the 
arches two intact walls are standing, one at the East end, the other on the West side. The arch 
bridge is visually accessible to the entire southern face while the northern one is preserved, but 
visually inaccessible, hidden in the New Castle Staircase (Figure 9). 
 
      
Figure 9 View of the bridge from the East (left) and from the West from the New Castle Staircase (right) 
 
The western part is consisted by the two 
pillars, one central and one western. One of 
the intact walls stands more at the West. 
Connecting the two piers stands a wall in 
between partially buried, under the smaller 
arch area (Figure 10 and Figure 11). 
According to the type of bricks it belongs to 
the Baroque period.  
 
 
 
Figure 10 Wall connecting the two piers (upper part) 
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Figure 11 Wall connecting the two piers (lower part) 
 
Between the two arches the central pier stands. Eastern to it, the main arch is present. Just 
above the arch, made of stone, the filling is mixed with bricks that design another upper arch, as 
shown in Figure 12.  
 
 
Figure 12 Main arch, filling and central pier 
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Behind the central pier another wall was erected. It extends also until the main arch occupying 
part of the space under the vault (Figure 13). From the type of stone used it seems that both the 
wall and the vault belong to the Baroque period.   
 
 
    
Figure 13 Baroque wall 
 
The structure presents two other piers placed to the East of the bridge arch, but they were 
completely absorbed by the newer masonry wall structures (Figure 14).  
 
     
Figure 14 Eastern piers (left) and particular of one of them (right) 
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The construction is made of sandstone and arenaceous marl, known as “opuka” in Czech 
Republic, with use of bricks of medieval size. In particular the front main arch is in well cut and 
shaped blocks of sandstone. The scrupulous cure of the material elaboration and the used 
techniques are very rare comparing to the quality of the neighbour gothic buildings and mark the 
structure as unique. Above the main sandstone masonry arch, there is another arch line made in 
arenaceous marl. The area of the vault is made of sandstone at the top and arenaceous marl in the 
sides. Some of the stones present a few holes and sign by the craftsmen. Several bricks were also 
used. The small arch and the upper filling of the arches are mainly made of bricks.  
  
Figure 15 Holes (left) and signs in the vault’s stones (right) 
 
The central pier is mainly made of arenaceous marl (Figure 16). Several sandstone blocks 
present there were also meant to be used for the arch face due to their shapes. 
 
 
 
Figure 16 Central pier 
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As for the walls, the one under the main arch is in sandstone with blocks of second use. On the 
western wall is present a render layer with blocks of stone drawings, as shown in Figure 17.  
The eastern wall is in variable material. Bricks are present as well as sandstone, but it is mainly 
formed by arenaceous marl (Figure 18). 
 
 
Figure 17 Rough plaster imitating stone masonry 
 
 
Figure 18 Eastern wall 
 Historical And Structural Survey Of The Medieval Stone Bridge UNESCO-Listed 
 
 
Erasmus Mundus Programme 
18                                   ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 
 
Figure 19 and Figure 20 show when the different parts of the bridge were built and the material 
mapping. 
 
 
Figure 19 Building periods mapping 
 
 
             
Figure 20 Material mapping 
 
Nowadays, the state of the arch bridge is strongly affected by long-term running water 
leaching from the Castle stairs. The wall is experiences damp and salt attack problems that result 
in the detaching of the stone surface. The spalling of material seems to influence eventually the 
structural behaviour of the structure and being a danger for the stability of the stairway and the 
monastery. Moreover, biological activity is present. [25] 
 The description of the damage is shown in chapter 4. 
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3.2 Geology 
 
A geological research was carried out in order to characterize the location, using four different 
maps.  The geological survey is necessary and useful in order to understand the characteristics of 
the soil and its possible interaction with the structure. Moreover, from the hydrogeological 
features it is possible to obtain the level of permeability of the site, the water flow direction and 
the chemical aggressiveness.  
 The area appears with a slope where at the top of the hill the castle stands and it descends 
to the river.  
 
3.2.1 Soil composition 
 
The results of the investigations show two different layers of covering deposits in the area. 
The first one is up to 2 m tick shown in Figure 21 in white, the second one, illustrated in pink, is 
up to 8-10 m deep.   
 
 
Figure 21 Geological superficial deposits [11] 
Figure 22 shows the presence of two different materials. One superficial deposit is 
indicated in white in the picture. It is formed by dark sandstone with yellowish fine grains of 
quartzite. As for the consistency of this layer, the thickness results to be very irregular and its 
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depth is not confirmed by investigations with probes up to 4 m. On the other hand, the second 
part, denoted in orange in the picture, is characterized by clay, sandy clay and locally sandstone 
with rubber fragments of slate from Ordovician period. 
 
Figure 22 Geological mapping of the location [10] 
3.2.2 Hydrogeological condition 
The water level in the area does not present significant changes with a depth between 10 and 
12 m from the surface. As, the structure is located on a hill, the water flow is direct from this point 
to the river as illustrated in Figure 23 with the blue arrow.   
 
Figure 23 Hydrogeological mapping of the location [12] 
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A very low level of permeability characterizes the deposits previously described. Due to this 
composition of the covering layer, the water can be collected especially in the clay sites. The 
condition is not favourable to the presence of structures because they are subjected by a high 
content of moisture. It becomes very likely to have a high content of moisture and water in the 
building with decay of the material. Moreover, problems related to efflorescence, salt attack and 
crystallization might be also present. The absorption of water can help the development of 
biological activity too. 
As for the chemical composition of the water, analyses were performed except for the ones 
attesting the aggressiveness of the pH and CO2. The content of SO4-- is from 250 mg/l to mostly 
600 mg/l, which characterises the environment as aggressive.  
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4. FAILURE MECHANISM 
4.1. Non structural damage 
4.1.1.  Moisture 
4.1.1.1. Understanding moisture and salt attack in historical buildings 
 
Moisture is water diffused in a relatively small quantity. Most of materials contain at least 
a diminutive volume of moisture as a component of the molecular constitution. However, the 
moisture ratio is dynamic and therefore not constant. It is very important to understand the 
physical and chemical processes that are the cause of dampness. Generally the moisture in the 
structure can be due to surface condensation, penetrating dampness, below ground moisture, site-
specific sources. 
The condensation is the transformation of vapour into liquid water in the moment that the 
vapour comes into close contact with a surface in conditions below the dew point. If the 
atmosphere is undersaturated, masonry surface can attract moisture depending on the degree of 
atmospheric humidity. The stones adsorb moisture when the masonry is cooler than warm and 
humid air. Moist warm air enters the interior of the structure and condenses on the wall 
penetrating and often traveling along the external part. The atmosphere can absorb large quantities 
of water depending on the environment temperature and pressure.  
Moisture condensation can cause stone decay showing decrease of strength. Moreover, the 
presence of various moulds on wall surfaces is a symptom of a persistent condensation problem. 
They are present in particular in the colder element of the structure where the temperature is below 
the dew point. The mould growth depends on the relative humidity at the surfaces of materials. It 
is necessary to have spores, moisture and oxygen for the moulds to develop. 
The term penetrating dampness is usually used to indicate both lateral penetration of 
dampness through external walls above ground but also to indicate penetrating dampness below 
the ground. Actually ground moisture can be due both to running rain along the bottom part of a 
building or to groundwater rising by capillary. They may contain more ions than surface water as 
salts. In the groundwater mineral molecules of mineral soils may also be dissolved. As the water 
moves through the stones, the salts may crystallize and effloresce might appear.  
Historical And Structural Survey Of The Medieval Stone Bridge UNESCO-Listed 
 
 
Erasmus Mundus Programme 
ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS       23 
 
Generally, the capillarity raises only a part the total height. The maximum rise is often 
marked by the presence of efflorescence or dark wet margin that remains wet thanks to the 
hygroscopic effect of some salts.  
Different salts can affect a historical structure. Sulphate of sodium, potassium, magnesium 
and calcium can cause the disintegration due to failure of cohesion of the materials.  
Calcium sulphate can form a white veil over the surface. Thick layer of efflorescence might 
appear under the attack of nitrates of sodium, potassium and calcium due to their solubility. It is 
easy to eliminate and its the disintegrating action is inferior to the sulphates attack.  
Sodium chloride is normally transported from aggressive environment. It deposits without causing 
a direct deterioration on the rock surface, but it is able to create decay by process of hydration and 
dehydration and changes of temperature. It has also an action to the other salts that might be 
present.  
Silica contained in certain rocks such as in clays and in cement might be in a form that can be 
transported very slowly towards the surface by infiltrating water. Its long tem effect is the 
formation of white incrustation of silicon dioxide or of silicate mixed with other substances, 
notably calcium carbonate. 
Generally ground water is an example source for salts, mostly chlorides sulphate and nitrates. 
Hygroscopicity is the vehicle of salt transport upward into the masonry. [9, 17, 38]  
 
4.1.1.2. Moisture mapping of the bridge 
 
Four surveys were carried out from May to June 2011 in a dry period. However, since the 
first one, it was clear that the state of damage of the bridge is connected with high level of 
moisture content. 
The main sources of moisture are: 
• water seepage; 
• rising dampness. 
 
The structure is subjected to running water and seepage coming from the upper Castle 
staircase. The leaching of water is visible and marked by biological activity in the inner part of the 
vault, as Figure 24 shows. It goes from inside towards outside. Moreover, an additional source of 
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infiltration is linked with the southern side of the bridge. The water is penetrating down the soil 
deposit behind the bridge that prevents the access to the other façade of the structure. Furthermore, 
at the bottom of the main arch vault an old water pipe is also present and it might be cause of 
leaching of water.  
 
 
Figure 24 Leaching of water in the main arch vault 
 
The rising dampness is affecting mostly the area of the two arches as shown in the 
following picture (Figure 25). As for the main arch, it is possible to see that the damp is marked 
by the presence of a black crust on the surface of the stones. The dark wet zone is intensified at the 
bottom of the vertical walls of the vault (Figure 25 right). Moreover, the last part of the vault is 
almost completely filled in with earth and it is possible to feel the high humidity of the air. For 
this reason, the airflow is also prevented. The stones surface is wet at the touch and the lower part 
is prone to break into powder. The presence of a black crust and alteration of the stone surface 
colour in this zone is illustrated in the next paragraph.  
 
   
Figure 25 Damped areas of the western arch wall (left) and main arch wall (right) 
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Penetrating dampness can be due to gravity that pulls rain vertically in through weak points 
and surface tension enables moisture to penetrate. As the structure was partially hidden for a long 
while is very likely that moisture penetrated from the ground behind and travelled in the soil 
covering the structure. Moisture was soaked laterally up to the walls from below ground. The 
vertical elements were exposed constantly to persistent damp that might have reached the inner 
part. Further analyses were carried out in order to determine the moisture content. The results are 
shown in paragraph 5.2.4. 
The remaining parts of the bridge, such as the western, the eastern wall and the external 
part of the central pier, do not show particular decay that is due to high level of moisture content. 
The reason is that the central pier and the wall are not directly connected with the problematic 
parts of the Castle Staircase. Moreover, they have not been hidden for a long time and the surface 
was able to breath.  
 Another problem, present in the bridge, is connected with the manifestation of water-
soluble salts in the voids of the natural stone.  
   
Figure 26 Salt attack in the main arch 
 
The high level of moisture content is strictly connected with the water chemical composition and 
the hygroscopicity of the stones. Since the first survey, it has been possible to observed that the 
extreme amount of salt crystallization causes: 
• efflorescence;  
• surface decay. 
 
Some of the regions affected by the problem of efflorescence are the areas where the stones 
appear to be wet, such as the area under the western arch and the main one. However, the main 
arch façade shows the highest level of efflorescence, but due to the evaporation of water it is not 
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as damp as the interior of the vault. As for the main arch, it is primary affected by salt attack in the 
external part of the vault (Figure 26). The surface looks in most of the cases completely covered 
by a white layer that prevent to see the real colour of the stones. The western arch area presents 
salt efflorescence in all three vertical walls, mostly concentrated in the lower part, next to the soil. 
Figure 27 shows the presence of the efflorescence in the bridge with a grey scale colour on 
dependence of the damage. Further analyses were carried out in order to understand the salts 
composition. The results are shown in chapter 6. 
 
Figure 27 Efflorescence mapping  
 
The salt crystals are big and they have sizes directly visible (Figure 28 and Figure 29). The salt 
efflorescence is easy to be removed and it tends to break up into several pieces if slightly pushed. 
Moreover, during the detachment of the efflorescence from the wall, the salts crystals can easily 
remove part of the surface of the blocks.   
Furthermore, the comparison of photos taken in different times during the surveys showed 
that the crystallization of the salts is increasing and the efflorescence is expanding in the arch line 
(Figure 30). This is due of the evaporation of water containing the salts in the hotter spring-
summer period.  
 
    
Figure 28 Salt efflorescence in the western arch (left) and in the main one (right) 
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Figure 29 Salt crystals 
 
Figure 30 Increasing of crystallization state: after the discover (left), 17/05/2011 (central), 08/06/2011 (right) 
The crystallization in pores disrupted the stone. Expansion took place when the water 
freezes and the salts present in it expand their volume causing cracks in the masonry and failure of 
cohesion. The stones are in fact experiencing detaching of the surface and spalling of the material, 
as shown in Figure 31. This leads to a reduction of the cross-area of the blocks and it can also 
decrease the mechanical properties. This process is accelerated by the composition in arenaceous 
marl stones.1 
        
Figure 31 Material decay in the main arch 
                                                
1 Arenaceous marl is a sedimentary rock with layer of sponglite and clay. It can contain also 
organic mixtures, silicon and carbonate. As it is characterized by a high content of clay minerals, 
arenaceous marl is extremely sensitive to the moisture. When it comes in contact with the rain, its 
volume expands. Later while drying, the volume decreases. These cycles of wet and dry can cause 
disintegration of the material and decohesion of the external layers, helped by the salt attack. The 
delamination is the result of the sedimentation of the sand and binder with higher clay content. 
[27] 
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4.1.2. Types of crust in the bridge 
 
A type of crust was found on the bridge surface. It is gypsum crust. It is an impermeable 
black crust covering the surfaces of the stones. It is mainly present in the wet zone, especially in 
the sandstone and bricks, and it also follows the seepage in the main arch. It is connected with the 
water absorbed by the stones containing nitrates, carbonates and organic compounds that leads to 
the crystallization of gypsum (CaSO4)2H2O) in the evaporation process. The crust is composed by 
small black particles responsible of the discolouration of the stone. The little white particles 
present in the black crust, shown in Figure 32, are mostly related to the presence of gypsum 
crystals and crystallized CaCO3. The deposit is deforming the stone surface and it is hiding the 
whole blocks in some parts. The stone underneath is losing the strength and tends to crumble. 
Further chemical analyses were carried out in order to understand the provenience of the water 
and crust composition. The results are presented in the following paragraph 6.3. 
 
 
Figure 32 Black crust  
 
 
Figure 33 Black crust in the main arch 
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4.1.3. Biological survey  
4.1.3.1. Understanding bioactivity presence in historical buildings  
 
Bioactivity is one of the most common decay in historical buildings. The microorganism’s 
activity is strongly influenced by the capacity of the substrate to be colonized. Basic igneous rocks 
with low silica content are generally more easily attacked than other acid granitic rocks, which 
remain quite resistant to fungal attack. The colonization is due also to the high level of moisture 
present in the location and the water availability coming from the soil.  
Generally, bacteria, fungi, lichens and mosses extract ions by the production of carbonic, 
nitric, sulphuric acids. The symbiotic nature of lichens and fungi is generally characterized by 
slow growth and the ability to attach to bare rock surface and to penetrate in the cavities. A new 
pore system can be generated by the microorganism activity and it might help the colonization 
process. Acids can be formed from the organic remains of the microorganisms, which attack, by 
dissolution and chelation and enhance the stone damage. Ions H+ continue to attack the layers 
underneath. Moreover, the nearby soil can contain many chelating agents, which accelerate the 
damage of the stone.  
Lichens are a mixture between certain algae and fungi. They can be present on moist external 
parts. An intense production of lichen and algae can accelerate the decay of stone by the 
development of oxalic acids. Lichens can retain water for a long time. They are also slow down 
the drying out process after rain and making frost damage more probable.  
As for the algae, there are many varieties. Those that appear on the most stone, brick or mortar 
surfaces are usually green, red or brown powders or filaments. They may be or may not be slimy 
in dependence on the moisture conditions. They derive their energy largely from sunlight, but 
need liquid water for survival. 
 
4.1.3.2. Biological activity in the bridge 
 
Biological activity was found at the surface of the stone. It appears as presence of algae and 
mosses on the masonry surface and as an alteration of the colour due to colonization of 
microorganisms. The activity is mostly present on the surface of the main arch vault, as shown in 
Figure 34. As for that, in the bridge the presence of the strata seems connected with the existence 
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of more humid zones where there is leaching of water, as previously described. The filaments are 
not always visible; they are mostly limited to a change of colour of the surface of the stone. 
However, the biological layer is wet at the touch and slightly tacky.  
In order to determine precisely the kind of microorganisms acting on the site, the colonization 
pattern and to understand the decay process, it was necessary to carry out biological analysis. The 
results are shown in paragraph 6.1. 
 
   
Figure 34 Biological activities in the main arch area 
 
Figure 35 shows the mapping of the biological activity in black.  
 
 
Figure 35 Biological activity mapping 
Moreover, some ivy and vegetation growing is present on the eastern part of the structure. 
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4.2. Structural damage 
4.2.1. Crack survey 
4.2.1.1. Understanding crack characteristic in historical buildings 
 
The presence of cracks in the site indicated a loss of structural behaviour. The characteristics 
can be analysed following the list behind: 
o categorization of passive or active cracks; 
o type (vertical, horizontal, length, position); 
o cause (due to tensile, compression or shear action) 
o deepness; 
 
The distribution of the cracks is useful to understand their causes. It is important to distinguish 
between structural and non-structural cracks. Generally, non-structural passive cracks are 
characterized by a width minor than the structural ones. They can be due to soil settlements, 
deformations, over loading, earthquakes or thermal stresses. [31] 
 
4.2.1.2. Bridge crack survey 
 
During the survey, an accurate examination of the cracks was carried out. The types of the 
cracks are the following ones: 
• cracks due to layering of arenaceous marl; 
• longitudinal cracks; 
• vertical cracks. 
 
The first listed mechanical damage is shown in a few stone made out of arenaceous marl. 
The arenaceous marl stone has different mechanical properties in the different directions showing 
an anisotropic behaviour. For examples, the Young modulus changes on the different direction of 
loading. If the material is not loaded in the same direction of the layering as it was in the quarry, 
local crushing of the stones can be found. [27] This phenomenon is present all over the structure. 
 Historical And Structural Survey Of The Medieval Stone Bridge UNESCO-Listed 
 
 
Erasmus Mundus Programme 
32                                   ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 
 
In particular, it is very evident on the western side of the central pier, where the most loaded 
arenaceous marl stones are cracked with horizontal fissures (Figure 37).   
Apart from the kind of cracking previously described, the bridge generally shows a concentrated 
crack pattern in the space of the two arches, shown in the following pictures. 
The second listed type of damage is present in the internal side of the main arch. The 
longitudinal cracks are crossing continuously few stones (Figure 38). In the right side they are 
particularly deep (Figure 38). In this case, it seems that the damage process due to salt attack and 
moisture helped the crack to divide the stones superficially in two pieces. The surface is in fact 
showing detachments and layering.  
As for the central pier, vertical cracks in the western corner are present. Their width is from 2 
mm to 8 mm. These cracks are shown in Figure 36 and Figure 37 and they can be due both to the 
concentration of compression stresses at the corner of the pier and on technical error in placing the 
arenaceous marl. In the western arch wall, several compression vertical cracks are also present. 
Moreover next to the lower arch two cracks were measured. Their width is equal to 4 mm for the 
upper one and 3 mm for the one at the bottom (Figure 36). 
 
 
 
Figure 36 Crack pattern: front view 
 
Historical And Structural Survey Of The Medieval Stone Bridge UNESCO-Listed 
 
 
Erasmus Mundus Programme 
ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS       33 
 
 
Figure 37 Crack pattern: section of the western side of the pier 
   
Figure 38 Crack pattern: section of the left and right side of the main arch 
 
In addition to the cracks previously described, the central part of the main arch is showing lack 
of stones and empty spaces between the blocks as shown in red in Figure 39. A few stones fell 
down in the past. Consequentially, this are is characterized by weaker mechanical properties and it 
is more prone to develop structural problems. The western side shows a lack of stones in a square 
space too. Furthermore, the upper filling of the western and main arch is missing a few bricks. 
This situation may be dangerous for the stones above the empty spaces. 
 
Figure 39 Crack pattern: plan of the main arch, missing stones 
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4.3 Conclusion 
 
The current state of the bridge is affected by several problems. The main ones are related 
to high moisture level and salts efflorescence. The presence of bioactivities and black crust helped 
to identify the causes. In fact, the seepage of salty water is belonging to the upper Castle Staircase 
and the hidden southern part of the bridge. As the soil is mainly composed by clay and slate, the 
deposit is prone to retain water and causes moisture problem to the structure. Moreover, rising 
dampness is also present. Furthermore, the bridge is showing also cracks and missing stones. 
Several investigations about the composition of the salts, characterization of the moisture level 
and a structural analysis are necessary to better understand the causes and to address the problems. 
Following the indication of the Venice Charter and ICOMOS guidelines, NDT are the most 
suitable tests for the bridge. 
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5. NDT AND DAMAGE CHARACTERIZATION 
5.1. Material Characterization 
5.1.1. In situ analyses for historical buildings 
 
Material strength test  
Schmidt hammer modified for masonry and penetrometer tests can be use in order to 
estimate the compression strength of the masonry. The first one is based on the rebound while the 
second one on the penetration depth of a pointed pin into the material. The rebound or the 
penetration is measured on an arbitrary scale. It is possible to stabilize a correlation between the 
Schmidt impact rebound and the penetration depth of the penetrometer with the compressive 
strength. Appropriate tables give this relationship. 
 
 
Figure 40 Schmidt hammer (left) and penetrometer (right) 
 
Both tools are very simple to use and they permits many reading to be taken in a short 
while directly in the field. They can be used both in horizontal or vertical surfaces.  
The penetration of a drilling probe is also another way to measure the hardness and the 
compressive strength of the masonry. [38] 
The single compression strength can be matched in order to stabilise the strength of the 
masonry. There are several relations such as the one given by the Eurocode 6: !! ! ! ! !!!!! ! !!!!! 
where: 
K is a coefficient that depends on the kind of bricks or stone used 
fb is the compression strength of the stones 
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fm is the compression strength of the masonry 
 
5.1.2 Laboratory analyses for historical buildings 
 
Uniaxial compression strength 
The unconfined or uniaxial compressive strength is the load per unit area under which a 
block fails by shear or splitting. It is an important test in rock testing that gives reliable results as it 
reproduces a similar border condition of the stone. For example rocks are unconfined near the soil 
surface and on structures, whereas they are confined deep beneath the earth’s edge.  
The compressive strength is used to determine the security of the element in consideration 
comparing it with the actual level of stress. 
In the test, the compressive strength is calculated as: ! !!!  
where: 
C is the compressive strength of the specimen 
W is the applied load at failure 
A is the calculated area of the bearing surface  
 
Uniaxial compression and tension develop a basic stress-strain pattern. The modulus of elasticity 
E can be calculated from the stress-strain curve. Recording the current value of the applied load 
and measuring the deformation between two points, it is possible to reproduce such a graph for 
every tested specimen.  
The mechanism of failure is the following one. Dislocation takes place in the linear stage 
along cleavage planes. The strain increases rapidly, non-proportionally with the stress, when 
microcracks begin to appear on the specimen. They lead to the development of bigger cracks with 
the same dimension of the grains, represented in the last part of the stress-strain graph. The final 
failure is the ultimate stage of compression.  
The uniaxial compressive strength of rock has been used to categorize the general rock 
strength. Its value is dependent on their constitution. For example, bedded and foliated rocks 
present dissimilar rock strengths depending on the angle of bedding or banding. Moreover, 
homogeneous rocks, such as rock salt, crystalline marble, metamorphic rocks or other, have 
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different the compressive strengths if they have different grain dimension. In particular, the 
strength increases with decreasing grain. 
 
Porosimetry [13, 19, 26] 
The study of the pore system of stone is normally performed using the mercury intrusion 
porosimetry. It determines the pore size distribution, the open porosity and the specific surface 
area of pores. Since mercury does not absorb spontaneously into the pores of the stone, it must be 
driven by hydrostatic pressure. The pressure needed for the mercury to enter in the pores is related 
with the pore radius. As the pressure is ramped up, the mercury can pass in the smaller pores. The 
volume-pressure curve shows the description of the size present in its open porosity. At the lowest 
intrusion pressure, MIP sees accessible pores with dimension of 100 *m while at the highest 
pressure 2.5 nm. At each pressure the intruded volume is a measure of how much the pore system 
is accessible. 
 
5.1.3 Compression tests results for the bridge 
 
In the case of the bridge, compression test on the materials was performed in order to obtain 
the compressive strengths and the stress-strain patterns. Samples of arenaceous marl, sandstone 
and brick were collected while, due to the decayed state of the structure, it was impossible to 
obtain mortar specimens with the appropriate size. The samplings are cylindrical or cubic with 
height going from 23 mm to 51 mm. Collecting samples of this dimension is necessary in order to 
perform the test in consideration and to obtain the stress-strain pattern. The following picture 
presents the places where the samples were collected: 
 
Figure 41 Samples for determination of the compressive strengths 
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Figure 42 Bricks samples 
 
 
 
Figure 43 Stress-strain graph for bricks 
 
 
Figure 44 Stress-strain graph for sandstone 
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Figure 45 Stress-strain graph for arenaceous marl 
 
Table 1 Compression strength results 
Samples n° Type Max fb [MPa] E [MPa] 
2a brick 19.18 578.27 
2b brick 17.74 669.45 
2c brick 14.59 524.86 
2d brick 14.83 455.7 
3a brick 9.56 729.51 
3b brick 13.27 963.61 
4a brick 3.84 630 
4b brick 6.28 921.35 
4c brick 10.22 410.31 
4 brick 6.27 306.11 
16a sandstone 5.08 778.66 
16b sandstone 1.47 372.49 
16c  sandstone 2.6 581.17 
16d  sandstone 3.1 488.79 
16e  sandstone 7.3 1264.13 
28 sandstone 1.68 374.28 
15a calcareous stone 36.97 1819.56 
15b calcareous stone 48.27 1692.98 
20a arenaceous marl 14.89 1685.4 
20b arenaceous marl 28.75 2094.79 
 
The pieces broke with vertical cracks. Arenaceous marl samples were also breaking into 
pieces due to vertical layering. From the results it was shown that two stones (samples 15 a and 15 
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b) were not made of arenaceous marl but of a calcareous material that presents higher values of 
strengths and it is breaking with a fragile rapture.  
 
5.2. Moisture regime  
5.2.1. In situ analyses for historical buildings 
 
Moisture meter and hygrometer [9] 
 Moisture meter are used to identify elements affected by damp 
problem. Generally, the resistance meter is not hard to use but it 
needs a lot of experience. Two pins form the electrical resistance 
meter. They can be connected with a plug at the end of a lead or 
inserted directly to the body machine. The principle of the 
electrical resistance meter is based on the measure of the resistance 
to a voltage flow passing between the pins pressed into the 
material. The resistance can be shown by a needle moving or by 
numbers acting on the screen. This reading can be related to the 
moisture content of the element. The higher the reading, the 
more moisture there is likely to be in the zone under 
consideration. However, the might be affected by presence of salts and carbonaceous materials. 
The electrical resistance meters are yet difficult to measure be used with masonry. This material is 
actually extremely variable in its physical and chemical properties and it can be difficult to 
interpret the moisture readings. 
An easy way to measure air humidity and temperature, which can be used to quickly measure 
temperature and relative either in a room or in the air or in an open void, is using an electronic 
hygrometer. Moreover, if the instrument is equipped with a probe, it is also possible to measure 
temperature and relative humidity of air inside a solid section when the probe is introduced in a 
drilled hole. Checking the temperature and comparing it to the temperature and humidity of the 
environment makes possible to confirm the presence of live condensation mechanisms. Moreover, 
some instruments are able also to calculate the dew point. Matching different readings in the same 
structure, the surveyor is able to understand more deeply the development of condensation and 
damp phenomena. 
Figure 46 Electrical resistance meter 
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Borescopes [9]  
Cavities may allow water to pass from 
the outside to the inner part of the structure. It is 
evident the importance to check the voids in the 
walls. Borescope is a fibre optic device that can 
be used for this purpose fitting the probe in 
holes. It can be connected to a camera or video 
camera in order to collect images. It is also 
useful to identify the construction topology of the 
wall. If the wall is solid or multi-leaf can also be recognized by this test with an estimation of the 
thickness of the leafs and of the gap (Figure 47).  
 
Thermovision [5, 15] 
Thermovision is a NDT, which is used for the investigation of building and works of art. It 
is perfect compatible with the indications present in the Venice Charter and ICOMOS guidelines 
shown in paragraph 2.  
The principle at the base of the method is very easy. Every material emits infrared 
radiation when it is exposed to light. The radiation is characterized by a thermal conductivity that 
is the capacity of the element itself of transmitting heat and its own specific heat. The test can be 
active or passive. It is active when the surface of the structure is subjected to heating. The passive 
application is only based of the thermal cycles acting on the structure with natural light.  
During the test a camera that is able to collect the thermal radiations is used. The analysis 
deals to the visualization of the elements by different colours in dependence on their conductivity 
and temperature.  
The applications of the methods are various. It can be used in order to detect different material, 
cavities and inclusions in the superficial layers. It is also very useful to obtain a mapping of the 
moisture presence for the layers up to 3 deep from surface. The camera is able to visualize the 
coldest areas characterized by high level of evaporation. However, the tests is influenced by the 
ambient temperature, its humidity, the air flow near the surface, the distance of the camera from 
the building. 
 
Figure 47 Borescope 
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5.2.2. Laboratory Analyses for historical buildings  
 
The laboratory tests are based on the use of samples. For this reason, they cannot be 
considered completely in the category of NDT. However, modern technologies permit to use very 
small specimens to achieve acceptable results. The methods used to collect this kind of sample can 
be considered slightly destructive and they do not compromise the stability and authenticity of the 
structure. 
 
Thermogravimetric Analysis (TGA)  
Thermogravimetric analysis is a test to determine the amount and rate of change in the weight 
of a material as a function of temperature or time in a controlled atmosphere. It can be used also to 
measure the total moisture content of the specimen. The sample is weighted before being exposed 
to rising temperature. As samples are heated, they can loose weight from a simple process such as 
drying, or from chemical reactions that liberate gasses like CO2. A sample of the test material is 
placed into a high cup with furnace chamber that it is supported on an analytical balance. The 
analysis is carried out by rising the temperature gradually and the balance sends the weight signal 
to the computer for storage and for create a graph. The system reports the results in the form of 
curves relating the mass lost from the sample against temperature. The total moisture content of a 
sample is the total amount of moisture in the material expressed as a percentage of its oven dry 
weight. [9, 16] 
 
Laboratory method 
The convection heating with hot air or forced circulation is the basis of the laboratory 
method using the oven. This technique has many features in common with other methods of the 
same type as the degree of accuracy and moisture range that the oven can offer. Unfortunately, it 
suffers from disadvantages such as the drying time and non-portability. In order to have complete 
and accurate results with oven drying moisture analysis techniques the ramp up of temperature 
and the times are rather long.  
The majority of oven techniques methods do not offer a precision weighing balance type 
instrument to measure and record mass changes. The operator must record the mass values before 
and after the procedures manually and it can increase the chance of error. Most laboratory 
methods do not allow the continuous production of a graph or of the material mass changes 
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creating a lack of data between the test start point and final status. However, in case of high 
content of salts NDT are not reliable, while the laboratory test is the easiest and most objective 
way to measure the moisture regime. 
 
5.2.3 Thermography applied to the bridge 
 
 
Figure 48 Central pier and arch at 8:38 and 8:45 
 
Figure 49 Central pier and arch at 11:30 and 14:05 
 
Figure 50 Eastern side of the main arch at 8:32 and 8:38 
17,0°C
27,0°C
17,0°C
37,0°C
17,0°C
37,0°C
17,0°C
37,0°C
17,0°C
25,0°C
17,0°C
27,0°C
 Historical And Structural Survey Of The Medieval Stone Bridge UNESCO-Listed 
 
 
Erasmus Mundus Programme 
44                                   ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 
 
In the study of the bridge a test with the thermovision camera was carried out. The camera 
was placed around 5 meters from the surface, pointing the two arches. The test was performed 
from 8 a.m. until 2 p.m. under natural light. In this way it was possible to follow the heating 
process of the surface directly exposed to the sunlight.   
The interpretation of the above picture it is not straightforward. As the bridge is composed by 
dissimilar materials and the stones surface is various with polished and rough layers, it is hard to 
compare the different emissivities of its parts. However, in Figure 48 and Figure 49 it is possible 
to follow the warming process in the main arch. In the early morning the central pier and the upper 
part are the warmest ones with a temperature around 27 °C. The interior of the arch vault is the 
coolest region. However, it is possible to see that, in the first measurement, the central arch line 
has mainly a temperature of 20 °C. While the sun is rising the difference of hotness between the 
bridge’s parts is increasing. Especially the central pier reaches a temperature of 37 °C in the 
eastern side. The western side is cooler, as it is not directly exposed to the sunlight. The western 
side of the main arch line and vault start to increase the temperature up to the measurement at 
11:30. In the following one it can be seen that, due to the change of the sunlight direction, the 
western side of the main arch is cooling down. The arch line is exposed to the sun in its eastern 
and western parts during the day. These regions are consequentially the most subjected to 
evaporation of water and they are actually the ones most affected by salts efflorescence.  
During all measurement the inside of the vault remains the darkest part. This data can be 
interpreted in correlation with the moisture content analysis shown in the following paragraph. 
The arch vault is actually the coolest area of the bridge and wet part characterized by a high level 
of moisture and not directly exposed to the sun. Its western and eastern side are showing a 
temperature from 20 °C for the external part to 17 °C for the internal one. Moreover, it is possible 
to notice that the dimmest area is the one related to the presence of visible water leaching and 
biological activity. Furthermore, it is evident that generally a constant level of low temperature 
characterizes the main arch vault during the morning.  
5.2.4 Laboratory method for determine the bridge moisture content 
 
As the bridge is presenting high level of salt content, use of NDT is not reliable. 
Laboratory test is the easiest and most objective way to measure the moisture regime, as 
previously said. 
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In order to determine the moisture regime of the bridge, different samples were collected 
on 18th May and the 8th of June. The method applied was minor destructive, collecting the 
superficial pieces of stones with tweezers. The specimens are characterized by a small size in 
order to avoid compromising the authenticity of the structure.   
The samples were collected in the six different zones of the bridge: the eastern piers, the 
eastern wall, the little arch and the main arch. In the following figure, the positions of the 
specimens are described. 
 
Figure 51 Positions of the samples for determine the moisture regime: front view of the bridge and section of 
the western arch      
    
In order to determine the moisture content the samples were weighted before and after oven 
drying. From the difference of the two masses, the moisture content was calculated. The 
specimens were oven dried at 110 oC and the weight was checked until the mass was stabilized. 
Two measurements were necessary to reach the stability.  
The following table describe the positions, the characteristics of the samples and the results. 
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Table 2 Samples description position 
Sample Field Position from the ground level [m] Composition w [%] 
1 Eastern pier 1 1.7 arenaceous marl 2.56 
2 Eastern pier 1 1.7 brick 1.74 
3 Wall between eastern piers 1.2 arenaceous marl 3.36 
4 Wall between eastern piers 1.7/2 cm deep arenaceous marl 3.45 
5 Eastern pier 2 1.7 arenaceous marl 1.86 
6 Eastern pier 2 1.5 brick 6.37 
7 Eastern wall 1.6 arenaceous marl 10.35 
8 Eastern wall 1.75 sandstone 8.48 
9 Eastern wall 1.8 arenaceous marl 11.94 
10 Eastern wall 1.8 dark stone 8.00 
11 Western arch 1.2 arenaceous marl 9.26 
12 Western arch 1.6 mortar 13.33 
13 Western arch 1.6 arenaceous marl 11.11 
14 Western arch 1.6 arenaceous marl 9.18 
15 Main arch 1.6 sandstone 6.84 
16 Western arch 1.6 arenaceous marl 15.79 
17 Main arch 0.3 sandstone 13.74 
18 Western arch 1.6 arenaceous marl 12.71 
19 Main arch 0.4 brick 7.08 
20 Western arch 1.8 arenaceous marl 6.71 
21 Main arch 1.5 arenaceous marl 6.32 
22 Main arch 1.5 algae 6.65 
23 Main arch 0.3 sandstone 10.42 
24 Western arch 1.6 arenaceous marl+salt 10.90 
25 Main arch 0.3 sandstone 14.29 
26 Main arch 1.5 arenaceous marl 9.95 
27 Main arch 0.3 sandstone 12.73 
28 Main arch 1.5 sandstone 11.34 
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The Czech standard CSN P 73 06 10 (Table 3) provides a table for analyse the moisture content in 
the bricks. However, the bridge is constituted by different materials. The level of moisture 
moreover depends on the porous system of the different stones. The comparison between them 
can, consequentially, only be indicative of the state of damage and help to give an interpretation of 
the causes. For this reason, the following table was considered as indication to analyse the results.  
Table 3 Czech classification of the dampness [34] 
Moisture Content  [%] Classification of dampness 
w < 3% Very low dampness 
3% < w < 5% Low dampness 
5% < w < 7.5% Medium dampness 
7.5% < w < 10% High dampness 
10% < w Very high dampness 
 
From the results it can be observed that the extreme eastern part of the structure is 
characterized by low dampness values. However, it has to be noticed that the sample number 6 
was collected at a lower height than the other ones. As it shows higher moisture content, it can 
prove the existence of rising dampness from the soil. Generally, this branch of results proves the 
first hypothesis made during the survey taking into account the appearance of the stone surface: 
the eastern part of the structure is experiencing a lower moisture regime. 
As for the remaining samples, the other specimens show moisture content from medium 
dampness to very high level. Especially, the samples number 9, 12, 16, 17 and 18 present a level 
of moisture significantly over the 10%. The regions from where they were collected are the two 
arches and the eastern wall. The sample number 9 shows a moisture value then the others 
collected in the same wall. This can be explained as it is the nearest to the main arch wet area. 
Samples 17 and 25 are particularly interesting because they show moisture level up to 14%. The 
samples were collected in the surroundings of biological activity and leaching of water. As for the 
western arch, the samples show a very high level of moisture that is matched with the presence of 
salt efflorescence and big crystals. 
In conclusion, the fields that are experiencing higher presence of moisture are the two arches as 
previously described. The test proved that the existences of rising dampness and seepage of water 
from the soil over the structure are causing high moisture level. The western part of the bridge 
needs an immediate intervention while the eastern part does not show need of a quick remedial 
work. 
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6. CHEMICAL ANALYSES  
 
In order to better understand the causes of damage, chemical analyses were performed as 
follow: 
• biological activity identification; 
• salts chemical analysis; 
• salts and black crust chemical and microscope analysis. 
 
6.1 Biological activity identification 
 
The biological activity present in the main arch vault that follows the water seepage was 
identify as algae chlorella. 
 
6.2 Salt chemical analysis 
 
In order to study the salt content, chemical analyses were carried out. Three type of salt are 
usually present: nitrates, chlorides and sulphate. Usually these salts are coming from groundwater, 
tap water. Sulphates can also come from many building bricks and plaster. Chloride is present in 
de-icing used in the past too. [9, 16] 
In particular, more samples were analysed in order to determine the chemical compositions of the 
salts. The specimens collected in the places shown by Figure 52. 
 
 
Figure 52 Samples for the chemical analysis 
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Table 4 Salt analysis 
Sample n° pH SO4 [mg/g] NH4 [mg/g] Cl [mg/g] NO3 [mg/g] 
18 9.5 16.20 0.01 3.25 3.50 
19 9.0 3,48 0.02 12.71 1.54 
17 6.5 4.27 0.01 9.55 0.59 
41 (exposed)* 7.0 7.06 0.01 13.89 1.50 
41 (not exposed)* 8.0 2.00 0.01 12.50 0.87 
41 6.5 132.63 0.09 15.79 4.66 
42 7.0 25.64 0.02 27.27 1.82 
42 9.0 9.32 0.01 6.86 0.87 
43 9.0 9.19 0.01 8.95 0.99 
*Sample 41 shows two different parts: the first one is related to the surface of the stone exposed to 
the external conditions and showing salt efflorescence; the second one is related to the depth of the 
stone and does not show visible salt attack.  
 
Table 5 Degree of salinity in masonry 
Salt Degree of salinity [mg/g]  
Salt 
Classification Low Medium High Very high 
Chlorides < 0.75 0.75 – 2.0 2.0 – 5.0 > 5.0 
Nitrates < 1.0 1.0 – 2.5 2.5 – 5.0 > 5.0 
Sulphate < 5.0 5.0 – 20.0 20.0 – 50.0 > 50.0 
 
From the analysis of the results (Table 4 and Table 5), it is possible to see that the amount 
of salts of the samples has a clear composition. Chlorides and nitrates compose the main content. 
Especially the chlorides are the majority and their level is very high (almost always over 5 mg/g). 
They are coming for the upper Staircase and they belong to the de-icing using in the previous 
periods for the stairs path (NaCl). Furthermore, particularly interesting is the sample 41. The 
analysis was carried in the same stone, characterizing the salt content in the exposed part that was 
showing efflorescence and in the inner part. It is evident that the exposed region presents the same 
level of chlorides as the inner part.  
As for the nitrates, the level between the samples is medium and it is higher for NO3 than NH4. 
The nitrates are coming mainly from organic deposit contained in the water. They can come from 
the upper level as well as from the rising damp.  
As for the sulphates, due to the high aggression capacity of the soil (shown in paragraph 3.2), 
these salts can come from the groundwater. Their level is very changeable between the samples 
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and in general it is high. The pH level is going from 7.0 to 9.5.  It shows that even when the stones 
are old, they still present a slightly alkaline environment.  
 
6.3 Salts and black crust chemical and microscope analysis 
 
Chemical and microscope analyses of the salts and gypsum crust were carried out. The 
following pictures show the results. 
In the first case the surface of the stone is analysed. Figure 53 illustrates its composition. Figure 
54 shows the details at the microscope. 
 
 
Figure 53 Stone surface analyses [according L.Kopechy] 
 
   
Figure 54 Particular of the gypsum crust [according L.Kopechy] 
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The exam reveals that the main content is coherent with the analyses previously carried out and it 
is composed by: 
• gypsum crust and crystals CaSO4)2H2O; 
• carbon; 
• nitrates; 
• chlorides. 
 
As for the gypsum crust, Figure 54 shows the typical crystals of the calcium crystallization. Figure 
54 shows also different zooms. The formation is characterised by big and straight crystals with 
random directions in flower-like form. Gypsum is moderate soluble in water and it forms this 
crystals due to the evaporation of the water contained in the stones. 
As for the carbon contained in the surface, it is characterized by a high level of transportability. 
Carbon is in fact very light and they can be easily transported by the wind also for long distance. 
Consequentially, two sources are possible. The first one is related with the chimneys soot of the 
houses heating systems that are present in the surroundings of the bridge. The second possible 
source is related to the exhausting fumes of the car diesel engines. Even if no traffic is present 
close to the bridge, the carbon produced by them is very easy to be transported for long distance, 
as previously said. 
As for the nitrates, they have an organic origin. They are very long lasting and they can be present 
in the stone surface for hundreds of years. Consequentially, it is very likely that these nitrates 
come from the horse urine. During the Castle history, horses were crossing the moat and the 
stables, very close to the bridge, were maintained and also reconstructed. Moreover, it is possible 
that the humus present in the soil over the bridge contains nitrates and amino acids. Due to the 
seepage of water it is transported to the bridge and to the stone surfaces. 
As for the chlorides, they are contained in the de-icing used in the past for the Castle stairs, as 
confirmed by the chemical analysis previously described in paragraph 6.2. The process of the 
formation of salts efflorescence is very slow. The NaCl is very soluble in water and the de-icing 
was mixed with the ice and snow lay over the bridge. During spring, the snow melted and the 
water and the salts were absorbed by the soil underneath the stairs. Due to the seepage, the salty 
water infiltrated to the bridge. As the bridge is exposed to sunlight, the water evaporated and the 
salts came to the surface crystallizing, causing efflorescence and disruption of the stones external 
layer while expanding.  
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The following pictures illustrate the analysis of the salt and gypsum crust.  
 
 
Figure 55 Stone surface analyses [according L.Kopechy] 
 
       
Figure 56 Particular of the gypsum crust (left) and salt crust (centre and right) [according L.Kopechy] 
 
Figure 56 shows the details of the crust. It is composed partially by the typical formation of the 
gypsum and partially by crystals of chlorides. However, gypsum is present only in a small portion 
of stone (Figure 56 left). On the contrary, in the main part of the surface, the salt crystals are so 
small that the external layer appears soft without the presence of CaSO4)2H2O (Figure 56 centre 
and right).  
 
The following pictures represent a piece of the black crust in the vault of the main arch on 
sandstone. The thickness of the sample is around 2 mm. The crust composition can be divided into 
three layers with different characteristics.  
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Figure 57 Black crust analyses [according L.Kopechy] 
 
The external one, on the opposite side of the stone, is categorized by the typical formation of the 
gypsum crust with long and thin crystals. It contains nitrates and carbons coming from the sources 
previously described.  
The middle layer is presenting predominantly carbon and nitrates deriving from the humus 
contained in the subsoil underneath the Castle stairs. In this part the content of gypsum is not so 
high as in the previous layer.  
The most internal layer, next to the stone, is presenting the lowest amount of gypsum. Figure 57 
shows the different type of crystals between the external layer, where the gypsum is predominant, 
and the inner one. It contains carbon and nitrates of amino acids origin. Moreover, the stratum is 
presenting a low level of water.  
As for the stone, the removal of the black crust for the analysis caused the detachment of around 
0.5 mm of the sandstone surface. For this reason it is very important to consider an appropriate 
crust removal procedure in the intervention plan in order to prevent from the disruption of the 
stone.  
 
6.4 Conclusion 
The state of damage of the surface can be divided into two regions. The eastern part is not 
showing advance state of decay, while the western part is more damaged and needs an immediate 
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intervention. Although different types of decay are present, the tests confirm that the high level of 
moisture (over the 10%) is causing crumbling of the stones, powdering and bioactivity. The 
crystallization of the salts due to the evaporation of the water coming from the upper stairs is 
causing efflorescence and spalling of the surface. The main content of the salt is composed by 
chlorides and nitrates deriving from the de-icing and organic origin. Moreover, a black crust 
containing gypsum with straight and long crystals is covering the stone surface. The carbon 
content is deriving from chimney and diesel engines exhausting fumes, transported by the wind. 
The removal of the black crust can cause damage of the stone surface. 
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7 PRELIMINARY STRUCTURAL ANALYSIS 
 
In order to understand the structural behaviour of the bridge, a finite element model was 
constructed using the software SCIA Engineering. As the building is manly loaded in the plane 
direction, a 2D model was created. The following conditions were considered: 
• non linear analysis with fixed supports; 
• non linear analysis with springs simulating the interaction with the soil. 
The two arches constitute the most interesting structural part. The following simplification for the 
geometry were made: 
• the maximum height equals to 9.5 m. Minimum height equals to 6.5 m; 
• the constant cross section equals to 3 m; the main arch a cross section of 2.5 m, the upper 
part of the arches is reduced to 1 m in order to simulate the handrail of the Castle Stairs; 
• the geometry was divided in different blocks in order to give each of them a different 
material and to have an appropriate mesh. 
 
 
Figure 58 Model geometry 
 
As for the materials, the structure is composed by the random distribution of masonries 
shown in Figure 20. The eastern wall is constituted by different material. In the model its 
behaviour was represented with the arenaceous marl properties, as it is mainly formed by this 
material. Following the mechanical characteristics of the materials investigated as illustrated in 
paragraph 5.1, stress-strain graphs were used for simulate the non-linear behaviour. The following 
parameters were used, neglecting the tension strength: 
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Table 6 Mechanical characteristics of the materials 
Material " [Kg/m3] fbmax[MPa] E1[%] fr [MPa] E2[%] E [MPa] 
brick 2400 11.58 -0.00019 5.95 -0.03732 619 
sandstone 2300 3.54 -0.00006 1.78 -0.04286 643 
arenaceous marl 2600 21.82 -0.00012 13.09 -0.01823 1890 
 
The values of the mechanical characteristics above described has been calculated from the average 
of the values given by the compression test. On the contrary, the strain at the maximum strength 
was calculated using the average Young modulus. The results show low values of the elastic 
modulus as it was measured directly from the compression tests. However, scientific studies prove 
that these values are lower than the ones calculated by putting an extensometer on the sample. For 
this reason, the behaviour of the masonry was approximated to the behaviour of the stone. An 
additional reduction of its mechanical properties due to the presence of the mortar was considered 
redundant.  
 
7.1 Non linear analysis with fixed supports 
 
In order to consider a simplified problem, the following boundary conditions were applied to 
the geometry described above: 
• the base of the wall and pier were fixed in the three direction x, y and z in translation and 
rotation; 
• the lateral displacement of the arches, the filling and the eastern wall is fixed in x direction 
in order to take into account the presence of confining adjacent structural elements present in the 
reality.  
 
The self-weight was applied in addition to the load representing the weight of the people 
climbing the stairs. This load was considered equals to 5 KN/m2 that includes the eventual loads 
of little machines or of a crowd. It was applied at the upper surface of the arches. 
 
The analysis was carried out defining different discretizations, using quadrilateral meshes, 
until the convergence of the stress and the displacements values was reached. The final meshed is 
characterized by element of 0.15 m side (Figure 59). In order to obtain an appropriate mesh, the 
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geometry of the main arch was subdivided in blocks representing the number of the stones that 
compose it. 
 
Figure 59 Model mesh 
 
The non-linear analysis was carried out using the Newton-Raphson method in 5 iterations. 
Figure 60 shows the displacement in the vertical direction. The maximum obtained value is equal 
to 0.9 mm in the central part of the main arch. 
 
 
Figure 60 Displacement in Z direction 
 
Figure 61 shows the stresses in the x direction. It is evident that the structure is mainly 
compressed. The part of the western arch shows tension due to the presence of the boundary 
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condition on its left side and due to the displacement in the centre of the main arch. The central 
arch shows tension in its middle part while in the others is compressed. This result is confirmed 
buy the presence of missing stones in that area and crack as described in paragraph 4.2.1. 
 
Figure 61 Stresses !x 
Figure 62 shows the stresses in the y direction. Also this picture illustrates how the structure is 
mainly compressed. The part that is in tension is again the central part of the main arch. The 
western wall in the contact point with the pier shows higher compression values. This can be 
matched with the presence of vertical cracks described in paragraph 4.2.1. 
 
 
Figure 62 Stresses !y 
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7.2 Non linear analysis with springs 
 
In order to consider a more realistic situation, springs were applied to simulate the interaction 
of the structure with the soil. The following boundary conditions were applied to the geometry 
described above: 
• the base of the wall and pier were fixed in the z direction in translation and rotation; 
• vertical springs in the x and z direction were applied at the base of the wall and pier. Many 
cases were considered for the values of the translational constants. The aim in to simulate the 
properties of the soil and an eventual difference of its stiffness as the deposit in the site is 
various; 
• the lateral displacement of the arches, the filling and the eastern wall is fixed in x direction in 
order to take into account the presence of confining adjacent structural elements present in the 
reality.  
 
The loads applied and the mesh used were the same as previously described. 
The non-linear analysis was carried out using the Newton-Raphson method in 5 iterations. 
The Young modulus considered for representing the soil was 8 MPa and 4 MPa. The cases that 
were carried out were: 
• springs based on homogeneous value of 8 MPa; 
• springs based on 4 MPa under the eastern wall and 8 MPa in the rest of the border; 
• springs based on 4 MPa under the main arch and 8 MPa in the rest of the border; 
• springs based on 4 MPa under the central pier and 8 MPa in the rest of the border. 
 
The following pictures are showing the vertical displacement in the four cases. When the 
stiffness is applied homogenously the higher values of displacements are in the main arch around 
22 mm. This part is experiencing the higher displacements in all the cases except the one where 
the weaker springs are applied underneath the eastern wall. The highest values are reached for the 
case of the lower stiffness under the main arch. 
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Figure 63 Displacement in the homogeneous case 
 
Figure 64 Displacement in the case of 4 MPa soil underneath the eastern wall 
  
Figure 65 Displacement in the case of 4 MPa soil underneath the main arch 
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Figure 66 Displacement in the case of 4 MPa soil underneath the central pier 
 
The following pictures show the stresses in the x direction for the four cases. When the 
stiffness is applied homogeneously the structure is mainly compressed except for the central part 
of the main arch that is in tension.  
 
Figure 67 !x in the homogeneous case 
 
From the following results it is evident that the main arch is the weakest zone of the 
bridge. The tension parts are close to it. 
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Figure 68 !x in the case of 4 MPa soil underneath the eastern wall 
 
Figure 69 !x in the case of 4 MPa soil underneath the main arch 
 
Figure 70 !x in the case of 4 MPa soil underneath the central pier 
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The following pictures show the stresses in the y direction.  In the homogenous stiffness 
case the main arch is experiencing tension in the central part. In the following cases it is important 
to see that the worst case for the stability of the structure is having a lower stiffness underneath the 
central arch. The left side of the vault is highly compressed and the central part of the structure is 
in tension due to the higher difference of displacements. In the other cases the highest values of 
compression are reached in the part where the central pier is in contact with the main arch block. 
In the last case, tension on the left side of the central pier is present. 
 
Figure 71 !y in the homogeneous case 
 
Figure 72 !y in the case of 4 MPa soil underneath the eastern wall 
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Figure 73 !y in the case of 4 MPa soil underneath the central arch 
 
 
Figure 74 !y in the case of 4 MPa soil underneath the the central pier 
 
In conclusion, the preliminary structural analysis showed matching with the reality. The weakest 
zone of the bridge is the central arch under different conditions. Cracks appear in the central and 
eastern side of it due to tension. The cracks in the western side can be due to compression stress or 
shear.  
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8 REMEDIAL WORKS AND MAINTENANCE PLAN 
 
In order to preserve the structure from further mechanical and material decay, a fundamental 
plan of monitoring and maintenance is developed. The following sections of intervention propose 
different solutions for each problem. However, the proposed intervention is generally related to 
the most decayed regions of the bridge. From the analysis of the damage it is evident that the part 
that needs an immediate solution is the one indicated in red in the following picture. The zone 
marked in green shows a lower grade of decay. Its state must be monitored anyway and 
intervention has to be planned in the case of progressing damage. 
The planned intervention has to be developed according with the archaeological investigations 
in site. Even if repairs works are needed in a short while, they cannot be considered as long as 
other plans are in progress and can have an influence on their right execution and success. 
 
 
Figure 75 Need of intervention on damage analysis criteria 
 
Scaffolding will be used in order to carry out the intervention works. Steel scaffolding with 
platforms used as centerings for the arches will be constructed. The sustaining system could be 
modified to adapt better to the needs of different works, like interventions in the central pier or in 
the arches and it should be placed just in the surroundings of the parts in consideration.  
For guaranteeing the efficiency of the repairs and avoid later repair works that can damage 
the authenticity of the structure the intervention plan has to be match to a maintenance 
programme. In the following section, a monitoring plan is suggested for every kind of damage. 
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8.1 Non structural damage 
 
8.1.1 Masonry cleaning and desalination intervention  
 
In order to remove the dirt and any cause of possible further decay a masonry cleaning 
must be carried out. 
The simplest form of cleaning the surface is the dry brushing technique, which will remove 
also the efflorescence and salts crystals. The tools to be used are soft wire brushes with 
interchangeable heads. The use of the brush has to be carried out by hand. Good quality work can 
usually be achieved. The process must be carried out until the loose material is completely 
removed from the site. 
In order to stop the decay process due to salt attack, a particular care must be applied in the 
removing of the salt efflorescences. The surfaces where to perform an accurate scrubbing are the 
walls under the western arch and the walls, the vaults and the façade of the main arch as shown in 
Figure 27. The salt crystals must be collected with foils and removed from the site. 
After the cleaning process, the soluble salts have to be removed. There are two suggested 
methods of removing of salts from damaged masonry:  
• the use of clay poultices;  
• the use of a sacrificial render. 
Both techniques are suitable for large plain areas of masonry and simple geometries as the case of 
the bridge in consideration.  
 
The first removal procedure to perform is the desalination. It is a deep washing of the 
masonry that implicates saturation and poulticing with absorbent clay. Removing the complete 
amount of soluble salts is impossible, however, the aim of the remedial work is to try to reduce the 
level of potentially damaging soluble salts present within the depth of decaying stone. In order to 
stabilize the damage process and to stop the detaching of external layers of stones, a reduction of 
the salt level in the exterior 100 mm can lead to remarkable results. However, the desalination 
process is a temporary intervention that cannot exclude further remedial works to prevent the 
dampness or the leaching water to reach the elements of the bridge.  
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The principle of the desalination technique is very easy. The parts in considerations must be 
saturated for several days by spraying with layers of clean water. The surfaces must be covered 
until complete wetting has occurred for the considered depth. Particular attention must be paid to 
the time necessary to this process to be completed. The period depends on the construction of the 
wall and the porosity of the stone and mortar. In order to be sure of the validity of the phase it is 
better to extend it over three days and nights.  
Temporary drainage system must be used during the wetting phase. In fact, it is necessary to catch 
the run off water from the walls and arches and it is fundamental to collect to a run off point well 
away from the treatment wall base and any other parts. The site between the bridge and the 
monastery can offer a good position for the draining pipes. For this use, heavy gauge polyethylene 
sheets are suggested. They are to be positioned in order to avoid splashing of the water spray. 
When the wetting process is over, the absorbent clay must be added to clean water to make a soft 
sticky paste. The use of additional clean water has to be avoided otherwise an unworkable paste 
will form. The paste has to be mixed as long as it is free of lumps.  
After the preparation, the clay must be plastered on a single layer 20-25 mm thick using a 
plasterer’s float or broad trowel.  
Attention must be paid in the ironing on to ensure the contact at all points. In order to help the clay 
keep its bond for as long as possible a light gauge galvanized wire snips has to be pressed into it 
and attached carefully into joints with galvanized staples. The use of the wire is essential 
especially in the vaults and in the large walls of the main arch where the weight of the clay tends 
to induce pulling away from the wall. 
When the treatment wall is fully plastered it must be protected from direct sun or rain or if internal 
from any heat source which will produce rapid drying. As the poultice dries out, it draws salty 
water from the masonry. The result of the procedure is that the water evaporates and at the clay 
surface efflorescence appears, as the salt crystals are left behind the evaporation. 
The complete drying depends on the environmental conditions and on the thickness of the wall. 
This time might fluctuate very significantly from days to weeks. As the inner part of the structure 
are never expose directly to the sun light it can be likely that the drying out might take also a 
month. In this time the clay strata change in colour, cracks, shrinks ad detaches from the wall. 
Particular attention must be paid to the staples that can withdraw with pliers and the dried clay 
may be rolled up on its wire reinforcement. The clay must be removed in safety conditions and 
collected. The remaining clay that is still attached at the surface must be brushed off from the 
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walls and arches with a stiff bristle brush. Particular care has to be used on bricks due to the grade 
of adhesion of the poultice clay to them.  
Moreover, due to the critical conditions of the bridge the procedures of wetting and drying must 
be carried out several times in order to reduce the content of salt and to turn it down to a non 
damaging amount. Clay poultice desalination is a slow process but it does not need a lot of 
supervision, it does not require expensive equipment or involve highly skilled technicians. It can 
be scheduled with other works on programmed for the site. 
Moreover, repointing might be needed after the process. The checking of the structure is necessary 
after the end of the method. In the case of need, use of lime mortar is strongly suggested. 
Another technique can be suitable for removing the salts from the bridge especially in the 
elements where it is not possible to remove extra level of salts with the poulticing technique. The 
process consists in the application of a porous render to the walls and vaults. While producing the 
evaporation of moisture from the elements, the soluble salts are coming to the surface and they are 
transferred from the stones to the render. As the render will deteriorate with time, repairs must be 
carried. Moreover, with this method the masonry is also protected against continued decay.  
The procedure that must be respected is the following one. The parts that are presenting salts 
attack have to be firstly wetted. The render must be constituted by 1 part of slaked and screened 
lime putty and 4 parts of fine sand. The applied layer must be at least 12 mm thick. The paste must 
be characterized by open texture and a rough finish that lead to a bigger surface area. This is able 
to guarantee the best evaporation of the moisture and salt transfer. For this purpose, the render 
must not be overworked with a trowel.  
After the surface is completely wetted, the render must be applied and the external part has to be 
scraped with the fine-toothed edge of a hacksaw blade, as soon as it begins to stiff. The 
application of one render cannot be again sufficient. The remaining has to be brushed off carefully 
and the wall rewetted after the application of the next render layer. [2] 
For the cleaning and the desalination process removable platforms must be used. 
After having reached a satisfactory level of desalination, maintenance is important. Monitoring 
every six months for the presence of eventual efflorescence is suggested. In the case of continuous 
salt attack, desalination of the regions in considerations has to be repeated as previously described.  
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8.1.2 Crust removal 
 
As the gypsum crust contains harmful substances for the stones, it has to be removed. The 
crust removal will respect following steps: 
• preconsolidation of the stone before cleaning is performed material strengthening of local 
disturbed sites; 
• biolcidal action by Porosan (f.Aqua)  followed by mechanical removal after drying burned 
residues; 
• washing with steam cleaning system (reduced pressure) 
• strengthening by Remmers KSE 100, heavily degraded parts of stone will probably need 
more stabilize by Funcosil Remmers KSE 300 E; 
• grouting of the cracks small cracks and fissures will be injected materials. Loose parts of 
stone, or those parts where the injection is not effective, they will be removed, contact area 
sterngthened; 
• supplement of damage areas with compatible stones, the stone will be completed to extent 
designated by representatives of the NPU. Pairing will be supplemented with lime mortar 
with moderate hydraulic factor 
 
The crust cannot be eliminated without treating the stones before brushing. The superficial 
block layer would detach with the crust and the stones would loose their original shape, mass and 
material. In order to remove the crust with the least damage to the stones, a consolidation 
treatment will be carried out as a first step. The self-hardening silica material will be restore and 
injected trough puncturing or drilling small holes. In the partial opening, ammonium bicarbonate 
layer will be place on the surface.  
The crust can be mechanically removed and washed without modifying the shape of the stones. In 
some places the surface will be cleaned also combining different methods as washing with spray 
at low pressure.  
Eventual cracks will be filled in. Where the previous injections will not be effective, such as under 
separate and deeper crust, cracks will be treated with Remmers KSE 100 plus that is able to follow 
smoothly the hardening process.  
Any additional damage and lack of stone parts will be substituted with blocks of similar 
characteristic and lime mortar will be use for pairing the blocks.  
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8.1.3 Drainage and waterproofing system  
 
In order to reduce the dampness in the bridge and 
to avoid further salt attack it is necessary to developed a 
drainage system for the lower part and a waterproofing 
system for the upper one. 
The drainage system has to be developed within 
the restoration project of the close monastery. As the 
soil deposit between the convent and the bridge is 
characterized by slop towards the first one, the remedial 
work has to be made close to the parietal walls of the 
house. It must be checked the presence of old drainage 
system and their functioning state. In the case of need 
of building new ones, two solutions are proposed.  
• The first one is the simplest. First of all, the soil 
deposit, eventually covering part of the walls, should be 
taken away in order to reach the deeper strata. Only in this 
way, a retaining wall below the ground level can be 
constructed in order to collect the rainwater coming from the 
bridge. This can be partially built digging for a depth of 300-
400 mm at the base of the walls and creating a ventilate 
system. A trench will be form and a land drain will be laid. 
The excavation will be covered with backfilling of large and 
dry ballast. Moreover, as for Prague’s cold weather, 
insertions of polystyrene insulation are suggested 
(Figure 76). [1] 
• The second one consists in digging a surrounding path without filling it. Grating should be 
put in order to avoid blockage. A sacrificial render on the walls is moreover applied (Figure 77). 
[29] 
 
 As for the penetrating dampness from the upper Staircase, a damp proof course must be 
inserted. Form the results of the tests carried out, as previously described, it is clear that the 
Figure 76 Formation of a drying area next 
to the cloister[1] 
Figure 77 Formation of a drying area next to 
the cloister [29] 
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seepage and salt attack, causing decay of material for the bridge, are the main problems. In order 
to understand deeply the problematic, drills from the stairs will be made and probes will be used 
to investigate the composition of the structure layers. This procedure is also useful to collect 
information about the cross section and material used. Moreover, they are able to follow the path 
of the seepage and check the state of degradation of the pipes passing in the depth. 
A well-planned intervention can be achieved only closing the stairs for a short period. The current 
stairs pavement will be removed and the old pipes eventually replaced with new ones. A 
waterproofing system must be applied. Polyethylene sheets will be laid down closing tightly the 
upper part of the bridge under the stairs pavement.  
As for the maintenance plan, checking of moisture content is programmed with visual 
monitoring and scratching of the stone surface.   
 
8.1.4 Repointing  
 
General repointing of the structure is needed. For this intervention scaffolding and platforms 
will be used. The mortar to use should match the colour and the texture of the existing one. It has 
to be softer then the stones and bricks in term of compressive strength and porous system. The 
joint must be cleaned out to a minimum depth of 25 mm and never to a depth less than their width. 
As for the wider joints, they should be cut to a minimum of 38 mm or 50 mm. When the mortar 
has been disintegrated to such an extent that the joints are largely empty, in which case they must 
first be deep tamped and hand grouted to fill the joint to the required depth for pointing. Cutting 
out will be performed using quirks, plugging, chisel, long necked jointing chisels and toothed 
masonry chisel. It is important to avoid spalling of the stone in this procedure. The result of all 
cutting out has to be a clean square face at the back of the joint in order to provide optimum 
contact with the new mortar. As the surface must be brushed before repointing, it is suggested to 
carry out the repointing after the general masonry cleaning. The joint will be wet before placing 
the new mortar to avoid that some sections will absorb a big amount from the mortar too soon. 
The mortar will be pushed into the joints from a board and ironed in with the maximum possible 
pressure. Pointing trowels will be used as well as pointing keys. The mortar face should be filled 
flush, or slightly recessed to avoid spreading the mortar over the face of the masonry or struck and 
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lined out. The finished work should be protected from direct sunlight and run off water until the 
face has dried and hardened. It is important to take car of details while applying the intervention.  
As for the maintenance plan, checking of the state of the joints must be executed every five 
years. A new repointing will be applied where needed. [1] 
 
8.1.5 Consolidation of the stone surface 
 
As the stones appear deteriorated and their surface is prone to detach, a consolidation of the 
external layer is suggested. The consolidant will be applied at the external layer. It is important 
that the stone should remain permeable to water vapour, in order to avoid any accumulation of 
moisture and soluble salts at the interface between the external layer and the untreated stone 
below. The consolidant will be applied in the most decayed zones of the main arch vault and 
western arch after the cleaning of the masonry, desalination and repointing. As the salts 
efflorescence is covering the surface, it is difficult to decide where to apply the consolidant before 
the desalination. For this reason, a specialist must choose which are the areas in need of this 
treatment after the desalination process.  
 
8.2 Structural damage 
 
Most of the cracks in the bridge are related to the typical layering into the arenaceous marl 
stone and they are not structurally dangerous for the bridge. However, there are a few arenaceous 
marl blocks, especially the ones previously indicated in Figure 37, which show a higher level of 
damage. Filling with special mortar is suggested and treatment with the consolidant will be 
considered by the specialist, as previously described. 
As for the cracks in the central pier and in the arch, first of all monitoring is suggested in 
order to understand if the cracks are active and related with deeper structural problems. For the 
cracks in the arch it is suggested to monitor the central points of the two longest fissures for each 
side. As for the central pier, the central point of the upper crack on the western side will be 
monitored. The monitoring will be performed through manual standard crack monitor and the data 
will be recorded once a month at 9:00 for four years. If at the end of this period they will result to 
be active, deeper study are strongly suggested to investigate the causes. Otherwise, the cracks will 
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be filled in with special mortar and treatment with the consolidant will be considered by the 
specialist, as previously described. 
As for the central part of the arch and upper filling, the missing blocks will be replaced 
with stones of the same material as the ones close to the holes or compatible. The stones will be 
placed by hand or with a hoist if they are heavy or in an uncomfortable position. The cavity to 
receive them must be cleaned before the placement and special mortar will be used for covering 
the near stones. The new stone will be damped in order to favourite the insertion in the masonry 
and to have a good adhesion. Finally the joints will be filled in with compatible mortar and the 
surface treated with the consolidant if needed. For this purpose scaffolding with centering must be 
used (Figure 78). Steel removable panels supported by steel beams will sustain the arch. For 
replacements of stones in the arches, the steel panels that follow the form of the arch can be 
removed to allow substitution of blocks. 
As for the maintenance plan, the eventual state of the pointing of the cracks will be 
monitored at the same time as for the joints every five years. Repointing must be applied if 
needed. 
 
 
Figure 78 Centering 
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CONCLUSION  
 
The Gothic bridge in Lesser Town Prague represents one of the most remarkable examples 
of the architecture of that period. Although it was built with extraordinary care of the construction 
details, nowadays it is affected from different types of decay that debase the stability of the 
structure. The procedure of the study was the following: 
• analysis of the structure, historical survey of the structure and interpretation of the 
information; 
• identification of the damage and detailed description; 
• analysis of the decay by using NDT and minor destructive tests; 
• structural analysis; 
• developing of intervention and maintenance plan.  
 
Tests revealed moisture and salt attack as the main problems, which have to be addressed 
immediately. The modification of the Castle Staircase and their maintenance with de-icing caused 
the principal source of the decay. The main intervention works consist in: desalination, removal of 
the crust, repointing, application of the consolidant to the stone surface, monitoring of the decay 
and structural problems. 
Due to the severe damage of the structure a minimal intervention is hard to plan. However, 
every considered remedial work, with its maintenance plan, aims to preserve the authenticity of 
the structure while assuring safety and prevention of further decay.  
The case study of the Gothic bridge in Malà Strana provided the opportunity for the 
application of the knowledge gained during the master’s coursework from a very practical point of 
view. 
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